Abstract-This paper presents a synthesis of a nonlinear controller to an electropneumatic system. Nonlinear backstepping control and nonlinear sliding mode control laws are applied to the system under consideration. First, the nonlinear model of the electropneumatic system is presented. It is transformed to be a nonlinear affine model and a coordinate transformation is then made possible by the implementation of the nonlinear controller. Two kinds of nonlinear control laws are developed to track the desired position and desired pressure. Experimental results are also presented and discussed.
I. INTRODUCTION

P
NEUMATIC control systems play an important role in industrial automation due to their relatively small size, light weight, and high speed.
One of the conspicuous trends is the need for the electropneumatic systems that can achieve precise tracking position control [1] .
The traditional and widely used approach to the control of electropneumatic systems is a fixed-gain linear controller based on the local linearization of the nonlinear dynamics around a nominal operating point [2] . This method relies on the key assumption of small range operation for the linear model to be valid. When the required operation range is large, the linear controller is likely to perform poorly. The harmful effects are due to the limitation of the linear feedback controller tolerance for the adverse effect of the nonlinearities or parameter variations.
When a fixed-gain linear controller cannot satisfy the control requirement, it is natural to investigate other controllers. In recent years, research efforts have been directed toward meeting this requirement. Most of them are feedback linearization [3] . However, a reasonably accurate mathematical model for the pneumatic system is required for feedback linearization.
A number of investigations have been reported on fuzzy control algorithms [4] , adaptive control [5] , sliding mode control [6] , [7] , and robust linear control [8] .
Generally, for pneumatic control systems, the application is position control, pressure control, or a combination of the two such that an algorithm smoothly switches from closed-loop position control to closed-loop force control [9] .
The main contribution of this paper consists of designing a multi-input/multi-output (MIMO) backstepping and sliding mode control laws for electropneumatic system in order to track the desired position and desired pressure in one of the actuator chambers. A solution using a classic feedback law has been developed in [10] , where the architecture of the process is modified with respect to both specifications for position and pressure tracking and criteria concerning the energy assumption.
In this paper, robust nonlinear controllers have been studied. The model of the electropneumatic system has been presented and equations governing the motion of this plant have been put in a nonlinear affine form. In order to use the backstepping and the sliding mode techniques, a coordinate transformation has been proposed.
Section II describes the model of the electropneumatic actuator and states the problem under study. Section III deals with the design of the two control laws. Section IV will be devoted to the experimental results. Both sets of results will be compared with an industrial benchmark. Section V concludes this paper.
II. ELECTROPNEUMATIC SYSTEM MODELING
The electropneumatic system ( Fig. 1 ) uses the following structure: two three-way proportional servodistributors/and actuator/and mass in translation. The actuator under consideration is an inline electropneumatic cylinder using a simple rod (32/20 mm) with a stroke of 500 mm. The rod is connected to one side of a carriage and drives an inertial load on guiding rails. The total moving mass is 17 kg.
The electropneumatic system model can be obtained using three physical laws: the mass flow rate through a restriction, the pressure behavior in a chamber with variable volume, and the fundamental mechanical equation.
In our case, the bandwidth of the Servotronic Joucomatic servodistributor and actuator are, respectively, about 200 and 2, 4 Hz. Using the singular perturbation theory, the dynamics of the servodistributors are neglected and their model can be reduced to a static one, described by two relationships and between the mass flow rates and , the input voltages and , and the output pressures and . The pressure evolution law in a chamber with variable volume is obtained assuming the following assumptions [11] : air is a perfect gas and its kinetic energy is negligible; the pressure and the temperature are homogeneous in each chamber; and the process is polytropic and characterized by a coefficient . Moreover, the electropneumatic system model is obtained by combining all the previous relations and assuming that the temperature variation is negligible with respect to average and equal to the supply temperature. Therefore, the following relations give the model of the previous system:
( 1) where with:
are the effective volumes of the chambers for the zero position and are dead volumes present at each extremity of the cylinder.
The main difficulty for model (1) is to know the mass flow rates and . In order to establish a mathematical model of the power modulator flow stage, many research works present approximations based on physical laws [12] by modeling the geometrical variations of the restriction areas of the servodistributor, as well as by experimental characterization [13] .
In this paper, the results of the global experimental method giving the static characteristics of the flow stage [14] have been used. The global characterization corresponds to the static measurement of the output mass flow rate which depends on the input control and the output pressure for a constant source pressure. The global characterization has the advantage of obtaining simply, by projection of the characteristic series on different planes: • mass flow rate characteristics series (plane ); • mass flow gain characteristics series (plane ); • pressure gain characteristics series (plane ). The authors in [15] have developed analytical models for both simulation and control purposes. Two cases have been studied to approximate the flow stage characteristics by polynomial functions:
• multivariable polynomial function;
• polynomial approximation affine in control such that (2) over the physical domain. By using the first approximation, a nonaffine nonlinear model is obtained. In this case, some control algorithms, such as adaptive neural network controllers [16] , [17] can be used.
In this paper, the second approximation is used because it enables a physical significance to be given to the polynomial functions.
in (2) is a polynomial function of the pressure whose evolution corresponds to the mass flow rate leakage and does not depend on the input control. is a polynomial function of both the pressure and of the input control, because the behavior of the mass flow rate characteristics are clearly different for the inlet and the exhaust . The polynomial functions have five degrees.
From the (2) the nonlinear affine model is then given by the equation (3) With two inputs and , the nonlinear model of the system in Fig. 1 has the following form: (4) with where The system uses two three-way proportional servodistributors. Generally, it is supposed that these two servodistributors are equivalent to one five-way proportional servodistributor when they are controlled with the inputs of opposite signs [2] . In this case, a monovariable position control law can be established. However, the validity of the control law depends on the stability of the unobservable subsystem, which is one-dimensional (1-D). It is very difficult to obtain results about the global stability of the zero dynamics.
With a system of two three-way servodistributors, it is possible to control two different trajectories. For example, it seems useful to control position and pressure without a degradation of the desired specifications (tracking position). Let us define the vector consisting of the two chosen outputs: position and pressure in chamber (5) The relative degree associated to the position and the pressure are, respectively, three and one. Thus, the sum is equal to the dimension of the system. This is sufficient to affirm that the system is differentially flat [18] . In order to use a backstepping technique and a sliding mode technique, a coordinate transformation is proposed as follows: (6) (7) where ( The dynamics and contain all the uncertainties, i.e., the leakage polynomial function and viscous friction. This is assumed to be bounded by two known functions and (18) In fact, represents the mass flow leakage inside the servodistributor and it is not easy to find a correct model for this part. Usually the maximum leakage value , is well known. In addition, the knowledge of the viscous friction coefficient has been identified and the variation of this coefficient around the nominal value has been experimentally evaluated at 30%. Since all states are bounded, a positive constant exists so that . represents the maximum value of acceleration (25.3 ms ) .
From all the above elements, it can be concluded that and can be given as
Due to uncertainties appearing in the model, robust controllers are necessary to ensure high precision position and pressure tracking. By using model (7), the objective consists of designing a MIMO backstepping and sliding control law for the electropneumatic system.
The aim of the control law is to respect good accuracy in terms of position and pressure tracking for desired trajectories. The relative degree of the position and the pressure are, respectively, three and one. This means that the electropneumatic system can only track position trajectories at least three times differentiable and pressure trajectories at least one time differentiable. The desired trajectories have been carefully chosen in order to respect these differentiability conditions (see Fig. 2 ).
III. CONTROL SYNTHESIS
A. Multivariable Backstepping Controller
Backstepping [19] - [21] is a recursive procedure, which enables a control law to be derived for a nonlinear system, associated to the appropriate Lyapunov function, which guarantees stability. Classes of systems, for which this procedure works, are given in [20] and [21] .
In this paper, this technique is applied for a MIMO system (inputs: and , outputs: and ). First, a pressure error is defined (21) Differentiating (21) gives (22) is chosen as (23) with . Taking as a Lyapunov function, the derivative of this function reads (24) Now, consider the scalar system (25) Differentiating (25) gives (26) with viewed as the input, the feedback control is designed to stabilize the origin with . So, the derivative of the Lyapunov function becomes (37) Given the system described in (7) and using the actual inputs defined in (23) and (36), the output tracking error is globally asymptotically stable.
B. Multivariable Sliding Mode Control (SMC)
SMC [22] - [24] is one of the effective nonlinear robust approaches. The first step of sliding mode control is to select a sliding surface that models the desired closed-loop performance in the state variable space. Then, design the control so that the system state trajectories are forced towards the sliding surface and stay on it. The choice of the control law that satisfies the following sliding condition is:
(38) which ensures the attractivity of the sliding surface in the state space. The general problem is stated for a system represented by the state equation (39) where and . SMC design consists of finding switching functions. The sliding control law is obtained by forcing each control variable of the control vector to satisfy the following law when when (40) So that the reaching modes satisfy the "reaching condition" namely, reach the set (switching surface) in finite time. Then, any state outside the switching surface is forced to reach the surface in finite time. On the switching surface, the sliding mode takes place following the desired system dynamics.
Let us define a vector of components by
with . Differentiating (41) and (42) gives (43) The two control laws are chosen as follows (44) with . This satisfies the sliding condition (45) (46) It is important to note that is strictly positive and is strictly negative, so there is no singularity in the control laws (23), (36), and (44).
IV. EXPERIMENTAL RESULTS
The proposed backstepping algorithm has been implemented using a dSpace DS1104 controller board with a dedicated digital signal processor. The measured signals, all analog, were run through the signal conditioning unit before being read by the 16-bit analog/digital converter. Two pressure sensors are used, their precision is equal to 700 Pa (0.1% of the extended measurement) and their combined nonlinearity and hysteresis is equal to 0.1% of the extended measurement. The cylinder velocity is determined by analog differentiation and low-pass filtering of the output of the position given by an analog potentiometer (its precision and repeatability is equal to 10 m and its linearity is 0.05% of the extended measurement). The acceleration information is obtained by numerically differentiating the velocity.
The gains and have been tuned in order to minimize the position tracking error in presence of model uncertainties. These values ensure good static and dynamic performance. Some experiment results are provided here to demonstrate the effectiveness of the backstepping controller. Fig. 3 shows the position, the desired position, the position error, the pressure in chambers , the desired pressure in chamber , the pressure error, and the two control inputs and . From the experimental results, perfect tracking responses are obtained for the position and pressure in chamber due to the robust control characteristics of the backstepping controller. The position tracking error is less than 1.5 mm, which is better than a classical nonlinear control law [10] . (The control law in [10] has been implemented on the same experimental setup, in the same conditions. In this case, the maximum position error is about 5.54 mm.) The pressure tracking error is no more than 54 mbar. Fig. 3(f) displays the control input . The noise is due to the acceleration signal obtained by differentiating the velocity numerically. Future work will focus on the exact robust differ-entiation via sliding mode technique [25] . Fig. 3(e) shows the control input . The signal is smooth (the computation of does not need the acceleration signal).
The sliding mode controller is applied to control the electropneumatic system for comparison. The experimental conditions are the same as previous. The objective consists of tracking the desired position and pressure with high accuracy in spite of model uncertainties. For the position control and for the pressure control , the gains have been tuned in order to minimize the position and pressure tracking errors.
The responses of the position of the piston, the pressure in chamber and the two control laws and , are shown in Fig. 4.14tcst05-smaoui The robust control characteristics of the sliding mode controller can be observed. The maximum position tracking error is about 1.27 mm. This error equals about 0.51% of the total displacement magnitude. In steady state, the average position error is about 100 m. The pressure tracking error is very low: its maximum value is about 43 mbar.
Therefore, this control law seems more efficient than feedback linearization [2] . However, the chattering phenomena in the control laws [see Fig. 4 (e) and (f)] are undesirable and seem considerably to decrease the lifetime of some components. So, from this point of view, backstepping controllers seem more useful than sliding mode controllers.
V. CONCLUSION
This paper has successfully demonstrated the application of a MIMO backstepping controller and a MIMO sliding mode controller to control the position and the pressure (in one chamber) of an electropneumatic system. First, the mathematical model of the electropneumatic system was introduced. Then, the theoretical bases of the controllers were described in detail. Then, experiments were carried out to test the effectiveness of the proposed controllers.
Satisfactory control performance has been obtained by both the backstepping and sliding-mode controllers. The chattering phenomenon does not exist in the backstepping controller. So, the backstepping controller is more suitable to control an electropneumatic system. Future work will focus on higher order sliding modes. In fact, as is indicated in [26] , higher order sliding modes preserve or generalize the main properties of standard sliding mode and also remove the chattering effect. 
